The effects of hydrodynamics and alu m dose on particle growth were investigated by monitoring particle counts in a rapid mixing process. Experiments were performed to measure the particle growth and breakup under various conditions. The rapid mixing scheme consisted of the following operating parameters: velocity gradient (200-300 s -1 ), alu m dose (10-50 mg/L) and mixing time (30-180 s). The Poisson regression model was applied to assess the effects of the doses and velocity gradient with mixing t ime. The mechanism for the growth and breaku p of particles was elucidated. An increase in alu m dose was found to accelerate the particle count reduction. The particle count at a G value of 200 s -1 decreased more rapidly than those at 300 s -1 . The growth and breakup of larger particles were more clearly observed at higher alum doses. Variations of p articles due to aggregation and breakup of micro-flocs in rapid mixing step were interactively affected by velocity gradient, mixing time and alu m dose. Microflocculation played an important role in a rapid mixing process. 
Introduction
In conventional water treatment processes, rapid mixing is an important process that induces the instant dispersion of the coagulant and the destabilization of colloidal particles in water. It can also directly influence the removal of turbidity in the subsequent flocculation, sedimentation and filtration processes. The size of grown particles during rapid mixing influences the efficiency of membrane processes, especially. In case of MF (Micro Filter) process for water treatment, the complete blocking of particles is based on the premise that the particles size are larger than the pore size of the membrane [1] . Matsushita et al. [2] reported that long-duration mixing is probably not needed in the coagulation-MF hybrid system. That means, if the sizes of grown particles in a rapid mixing are suitable to optimum pore size of MF, operation of economical coagulation-MF hybrid process without long mixing time is possible. Rapid mixing involves both physical and chemical coagulation reactions. Because the hydrolysis of the coagulant, such as aluminium (III) or iron (III) salts, and the adsorption of hydroxide precipitates on colloidal particles occurs extremely quickly, rapid and uniform dispersion of the coagulant is essential for effective coagulation in a rapid mixing tank. Furthermore, the contact between the coagulant hydroxides and particles by physical collision, which induces particles growth, is also important.
Previous studies on mixing intensity and time have recommended a mixing time of less than 1 s and a velocity gradient (G) of 1000 s -1 based on the kinetics of the relevant electrochemical reactions, namely, the adsorption of hydroxides and charge neutralization of particles [3] [4] [5] . Amirtharajah and Mills [6] reported that particle destabilization could be achieved through the instant dispersion of the coagulant followed by the adsorption of aluminium hydroxides formed between 0.01 and 1.0 s after coagulant injection onto the surface of colloidal particles. They also suggested that instant dispersion and high agitation intensity were less important in sweep coagulation by hydroxide precipitate and that rapid mixing conditions were independent of coagulation efficiency. On the other hand, Camp [7] and Letterman et al. [8] suggested 1-2 min as a rapid mixing time to promote adequate floc characteristics for the subsequent flocculation and sedimentation processes. The American Society of Civil Engineers (ASCE) and the American Water Works Association (AWWA) recommended a velocity gradient of 700-1,000 s -1 and mixing time of 20-60 s as a design guideline for rapid mixing tanks. Lai [9] , however, noted that the mixing efficiencies for a given G and mixing time (t) were actually different. Mhaisalkar et al. [10] suggested an optimum combination of the velocity gradient and mixing time for the practical treatment of turbid water. Furthermore, Rossini et al. [11] indicated that the duration of rapid mixing strongly influenced turbidity removal and determined the optimum combination of physical parameters. They confirmed that high turbidity removal could be achieved using both a short mixing time (approximately 10 s) and a long mixing time (approximately 60-90 s) using highly turbid synthetic water. Recently, Park et al. [12] investigated particle growth at different G values and mixing times using standard jar tests. At the predetermined optimum coagulant dose, they showed that the number of particles larger than 8.0 μm was lowest for a G value of 200 s -1 and a mixing time of 150 s. The best turbidity removal was also confirmed under these rapid mixing conditions followed by flocculation and sedimentation processes.
However, the number of these particles decreased for mixing times of over 180 s, most likely due to breakup, resulting in a deterioration of turbidity removal. Particles growth and breakup in a rapid mixing are influenced by several chemical and physical parameters, including coagulants dose, reactor geometry, mixer type, velocity gradient and mixing time. Therefore, this study investigates the effects of hydrodynamics and coagulant dose on particle growth and examines their interrelation during rapid mixing.
Materials and Methods

Raw Water
A kaolin (Shinyo Chemical, Japan) suspension was used for the synthetic water samples. First, 5 g of kaolin was completely dispersed with vigorous agitation in 1 L of distilled water. The kaolin suspension was allowed to settle for 24 h, and 600 mL of the supernatant was sampled without disturbance. The decanted solution was diluted with tap water to adjust the sample turbidity to 10 NTU. The alkalinity was adjusted to 50 mg/L as CaCO 3 by adding NaHCO 3 .
The raw water samples were kept in suspension by gentle agitation at room temperature until use. Park et al. [12] reported that the particle size distribution of synthetic kaolin suspension was comparable to that of natural lake water samples. The characteristics of synthetic water and natural lake water are shown in Table 1 . (Fig. 1) . The particle sizes and counts were investigated using a particle counter (PAMAS, Germany) at each rapid mixing step. 
Poisson Regression
Poisson regression is a form of regression analysis used to model count data. Poisson Therefore, the particle aggregation could be classified as micro-flocculation. These observations suggest that hydrodynamics and mixing time play an important role in the collisions between instantaneously formed alum hydroxide precipitates and colloidal kaolin particles, which is then followed by the growth of micro-flocs during the rapid mixing step.
Results and Discussion
Particle Counts during the Rapid Mixing
There was no significant change in the counts of particle sizes removal in a previous study [10] . It is necessary to optimize the operating parameters to grow larger flocs without breakup. 
Poisson Regression Model with Particle Counts
This study demonstrates the use of a Poisson regression model to evaluate the effect of hydrodynamics and alum dose on particle counts. A Poisson regression model was used to identify the dose and velocity gradient conditions affecting particle growth and breakup during the rapid mixing period. The parameter estimates of mixing time in the Poisson regression model were obtained for doses from 10 to 50 mg/L as a function of rapid mixing at two velocity gradients (G values of 200 and 300 s -1 ). The sign of the parameter estimates over mixing time in the model changed as the particle counts varied relative to the particle counts at mixing time 0 (particle counts in raw water). Positive estimates denote a positive effect on particle counts, meaning that the particle counts are greater than those at mixing time 0, whereas negative estimates have the opposite meaning. Figs the negative estimate at each mixing time, the particle counts of sizes 8.0-9.0 μm increased with mixing time relative to that at time 0. The particle counts of sizes 8.0-9.0 μm increased more rapidly at a G value of 300 s -1 than at a G value of 200 s -1 . When the particle size was relatively large, patterns of particle growth and breakup were clearly observed. The Poisson regression model was also used to obtain parameter estimates as a function of mixing time for a dose of 30 mg/L (Fig. 4 and Table 3 ). The particle counts decreased with mixing time for particles smaller than size of 6.0 μm, similarly to those at a dose of 10 mg/L.
Unlike dose 10 mg/L, however, at dose 30 mg/L, there is no difference in the decreasing pattern of the particle counts for particle sizes of 0.5-2.0 μm or a G value of 200 s -1 and a G value of 300 s -1 (Table 3 ). The counts of particles larger than size of 2.0 μm decrease more rapidly at a G value of 200 s -1 than those at a G value 300 s -1 , which was contrary to the pattern at dose 10 mg/L. The turning point for the increase in particle count was observed at increased with mixing time. In contrast, at a G value of 300 s -1 , the particle counts increased until 120 s and then decreased.
For particle sizes of 0.5-1.0 μm, an increase and decrease in particle count, similar to those at dose 10 mg/L, were observed at G values of 200 s -1 and 300 s -1 due to the growth and breakup of larger particles. Because the created particle counts at dose 10 mg/L are relatively small, the particle counts for sizes of 0.5-4.0 μm decreased more rapidly at a G value of 300 s -1 . The particle counts for particle sizes of 0.5-2.0 μm decreased at the same rate at G values of 200 s -1 and 300 s -1 , whereas the particle counts at a G value of 300 s -1 decreased more rapidly for particle sizes of 2.0-6.0 μm than those at a G value of 200 s -1 . The reason for this difference is that larger particles break more easily, increasing the small-particle counts at a G value of 300 s -1 . Although the particle count gradually and continuously increased for a G value of 300 s -1 , a turning point exists for particle sizes of 8-13 for a G value of 200 s -1 . This pattern shows that medium-sized particles (8.0-16.0 μm) at a G value of 300 s -1 began to break up at extended mixing times, which increased the particle counts in the range of 2.0-6.0 μm relative to those at 200 s -1 . Furthermore, the particle counts at dose 10 mg/L changed more rapidly than those at dose 30 mg/L. Accordingly, the alum dose affected particle growth and breakup in the rapid mixing period. As shown in Fig. 5 and Table 4 , the particle counts continuously decreased until particle size of 5.0 μm at a dose of 50 mg/L, similarly to the results for the other doses. However, the decreasing pattern was different from that at dose 10 mg/L for G values of 200 s -1 and 300 s -1 .
At dose 50 mg/L, the particle counts at a G value of 200 s -1 decreased more rapidly than those at 300 s -1 . Furthermore, a turning point from breakup to aggregation at dose 50 mg/L was formed at smaller particle size (5.0-6.0 μm) than dose 10 mg/L and 30 mg/L. The higher dose of coagulant causes the charge reversal in water [16] . Moreover, the charge reversal lead the thin double layer and breakup of particles [17] . Ranran Mao et al. reported that the higher coagulant dosage would be lead the small floc size and loose structure. They confirmed that floc size was decreased about 1/3 at higher coagulant dosage comparison with optimum dosage [18] .
The particle counts increased for particle sizes of 8.0-20.0 μm at a G value of 200 s -1 .
However, the sign of the change from positive to negative was observed at a mixing time of 120 s for particle sizes of 6.0-8.0 μm. Moreover, there was another sign change from negative to positive for particle sizes of 14.0-16.0 μm at a G value of 300 s -1 . Therefore, particle growth and breakup were significant at a dose of 50 mg/L. The decrease in particle count at this dose was slower than that at the lower doses of 10 mg/L and 30 mg/L, interestingly. 
Conclusions
The effects of hydrodynamics and alum dose on the changes in particle counts with time were investigated in a rapid mixing period. A decrease in particle counts due to the collision and aggregation of smaller micro-flocs was clearly observed despite the high mixing intensity, followed by an increase in larger particle counts. In addition to the G value and alum dose, the mixing time strongly affected both micro-floc growth and breakup, especially at extended mixing times. The interrelations among the variations for rapid mixing were sufficiently complicated that a Poisson regression model was applied to analyze the particle growth and breakup. The conclusions are as follows:
(1) Higher alum doses resulted in higher total particle counts during the rapid mixing period.
(2) At the same alum dose, the growth rate of micro-flocs at a G value of 300 s -1 was higher than that at a G value of 200 s -1 based on the total particle counts. However, breakup of the grown flocs at a G value of 300 s -1 occurred earlier than that at 200 s -1 .
(3) Particles smaller than 6.0-8.0 μm gradually decreased at earlier mixing times and rapidly decreased at later mixing times at a dose of 10 mg/L. However, the particle counts at doses of 30 mg/L and 50 mg/L rapidly decreased. As the alum dose increased, the particle count reduced rapidly slowed.
(4) The decrease in particle counts for a G value of 200 s -1 was more rapid than that for 300 s -1 .
(5) The growth and breakup of large flocs were more active at relatively low dose of 10 mg/L.
